A new ephemeris has been determined for the supersoft X-ray binary CAL 83 using MACHO photometry. With an improved orbital period of 1.047568 days, it is now possible to phase together photometric and spectroscopic data obtained over the past two decades with new far ultraviolet spectra taken with FUSE.
Introduction
The X-ray binary CAL 83 is one of a small number of supersoft sources which are characterized by an extremely soft X-ray spectrum with almost no radiation above ∼ 0.5 keV. This group includes a handful of sources in the Magellanic Clouds and the Galaxy (e.g. Greiner 1996 , Hasinger 1996 , Cowley et al. 1998 , plus some less well studied objects in other nearby galaxies (e.g. Kahabka 1999; Swartz et al. 2002; Kong & Di Stefano 2003) .
CAL 83 itself is a member of the LMC, based on its position and radial velocity.
From radial velocity variations of the optical emission lines (especially He II and H), Crampton et al. (1987) discovered that CAL 83 is a binary system with a period near one day. The emission lines are formed in an accretion disk that is viewed at a low inclination angle, so the resulting velocity amplitude is small (K∼ 30 km s −1 ). There is no spectroscopic evidence of either star, but the period and velocities suggest that they have masses well under 2M⊙ (see Crampton et al. 1987 , Smale et al. 1988 ).
CAL 83 is known to exhibit irregular brightness variations of more than a magnitude over timescales of months (e.g. Smale et al. 1988 , Alcock et al. 1997 , Greiner & Di Stefano 2002 . Although CAL 83 is considered a nearly steady X-ray source, occasionally it drops into an X-ray-off state (e.g. Kahabka 1996 Kahabka , 1998 . Using MACHO data, Alcock et al. and Greiner & Di Stefano have shown that these low X-ray states are followed within ∼ 30 − 50 days by a low optical state. The most likely explanation is that there is a change in the accretion flow and hence in the accretion disk which provides the optical luminosity.
In spite of these large changes in the mean brightness of CAL 83, Smale et al. were able to detect small superimposed orbital variations with a full amplitude of ∼0.2 mag and a period of P = 1.0436 days. During the orbital period the light curve shows a sinusoidal variation with one maximum and one minimum per cycle. Cowley et al. (1991) later refined the orbital period to be P = 1.0475 days by combining all published and new spectroscopic -4 -data as well as the photometry of Smale et al.
Given the low inclination of the system, it is unlikely that the minimum is caused by an occulatation by the secondary star. Furthermore, the phasing of the emission line velocities implies that the light minimum does not coincide with conjunction of the stars.
The variation is likely to arise from a partial obscuration of the bright inner accretion disk.
Possible occulting regions might be a splash region raised by impact of the accretion stream or a gas stream which is significantly above the orbital plane. Although we are uncertain what causes the orbital light curve, we have been able to use it to refine the orbital period to allow intercomparison of two decades of spectroscopic data.
Analysis of Optical Data
2.1. Calibration of the MACHO data CAL 83 was observed for ∼7 years by the MACHO Project. We extracted both the "blue" and "red" data for this star using the interactive online web browser 4 . After transformation of the instrumental magnitudes, using the method described by Alcock et al. (1999) , the derived values are close to V and R band magnitudes. We refer to these as V M AC and R M AC , as we have done in previous papers. The linear transformation equations adopted here differ slightly from those given by Greiner & Di Stefano (2002) , in the sense that our V M AC and R M AC values are 0.012 mag brighter and 0.013 mag fainter, respectively, than their "generic" photometry. The combination of offsets makes our V M AC − R M AC colors 0.025 magnitudes bluer. All of these systematic differences, however, are small compared to the estimated zero-point calibration accuracies (±0.035 mag) given by Alcock 
Color Variations Based on MACHO Data
In order to understand what causes the light variations, it is of interest to determine whether or not the color changes as the system brightens. Greiner & Di Stefano (2002) , in their study of the long-term on/off states, found no relationship between color and brightness. They pointed out that the reddest V − R data have very large errors and argued that the mean V − R color varies by no more than 0.03±0.05 mag for >1 mag changes in system brightness (see their Fig. 2 ). However, we find that the mean V M AC − R M AC depends on CAL 83's optical state. In Figure 2 we plot V M AC as a function of after compensating for the transformation color terms, the revised differential is ∼−0.048 mag. The corrected value is still much greater than the expected internal precision of MACHO data (i.e., 0.028 mag) and therefore judged to a meaningful difference. All of the other corrections are smaller than this example. After making the adjustments, the color difference of even the smallest differential (between intermediate and low states) is still significant at a 98% level.
Determination of a Revised Orbital Ephemeris from MACHO Data
After removal of a few errant (i.e., spuriously faint) points, data from the two time segments marked in Figure 1 were searched for orbital variations. Since the data are more complete for V M AC , observations in only that bandpass were used to redetermine the orbital period. The V M AC magnitudes for each segment were analyzed separately to derive periodograms, using the technique described by Horne & Baliunas (1986) . Both segments contain one significant peak with very similar values near P = 1.04 days. (Due to the daily -7 -sampling window, several aliases also are present.) Therefore, we combined the data from the two segments after subtracting the mean linear fit to each segment. This resulted in a single set of relative magnitudes, V * , from which the combined power spectrum, shown in Figure 3 , was determined. Fitting a sinewave to the V * data yielded the following ephemeris:
T(min) = JD 2451500.953±0.004 + 1.047568±0.000003E days
For the epoch of the FUSE observations presented in this paper (see §3), the new ephemeris gives phases 0.15 earlier than those predicted by Smale et al. (1988) , so this revision of the orbital period is important for correctly phasing the FUSE data.
Plots of the V * and R * light curves, folded on the new ephemeris, are shown in Figure   4 , with points from the two time segments indicated by different symbols. We note that the amplitude of the orbital variation appears to depend on the mean brightness level in both bandpasses. The V M AC data show that when the system was at V M AC = 17.34 during the first segment, the semiamplitude of the variation was 0.053±0.001 mag, but during the second segment (mean magnitude V M AC = 16.97) the semiamplitude was 0.075±0.001 mag. Similarly, the R M AC data show that the amplitude in the first (fainter) time segment was 0.050±0.003, while in the last (brighter) segment the amplitude was 0.082±0.002. In addition, the data of Smale et al. have a semiamplitude of 0.11 mag when the system had a mean magnitude of V = 16.87. Hence, the amplitude of the orbital modulation appears to increase as the system brightens. Smale et al. (1988) do not tabulate their photometric data, so we are unable to plot their data on the MACHO ephemeris. However, using Smale et al.'s ephemeris, we estimate minimum light occurred near HJD 2446051.585, which corresponds to our phase 0.07. The discrepancy is small but reasonable, given that their assumed time of minimum is based on an analysis of data which are folded on a somewhat different orbital period and may -8 -contain fluctuations in mean brightness.
In the bottom panel of Figure 4 we plot V M AC − R M AC versus orbital phase. Although there is no significant variation of color with phase, the figure confirms that the mean color in the second segment (when the source was in a high optical state) is bluer than in the first segment (intermediate state), as found in §2.2.
Previously Unpublished Photometry of CAL 83
B and V photometry was obtained on 8 nights in 1999 March using the TEK2K #3
CCD on the CTIO 0.9 m telescope. The images were reduced with DAOPHOT (Stetson 1987 ) and calibrated via observations of Landolt's (1992) standard stars. Differential photometry was then calculated using a set of reference stars in the field of view of CAL 83.
The same comparison stars were used in our previous photometric studies (Crampton et al. 1987 , Cowley et al. 1998 , hence all of our measurements are on a common scale. The new photometric measures are listed in Table 1 and shown in Figure 5 . For a short observing run, the ∼1 day orbital period results in poor phase coverage, so it is not possible to use these data to determine an independent value for the period. Hence, the V light curve in the top panel of the figure is fitted using a sinewave with P and T ( -9 -
Re-analysis of Published Spectroscopic Data Using the New Ephemeris
We have gone back to the spectroscopic data given by both Crampton et al. (1987) and by Smale et al. (1988) . Using the He II (4686Å) velocities from Crampton et al., we have computed revised orbital elements for CAL 83 which are presented in Table 2 -10 -show nearly double that value. This suggests that when the system is faint the emission line EW may be greater, but further data are needed to confirm this.
FUSE Observations and Measurements
In 2001 September, CAL 83 was observed using FUSE. This instrument is sensitive over the wavelength range 912-1187Å, at a spectral resolution of R = 20000 or more. FUSE has four independent optical channels, feeding two detectors via Rowland circle spectrographs.
Two optical trains use LiF-coated optics (990-1187Å) and two have SiC-coated optics for wavelengths down to 912Å. As each detector is in two sections, there are 8 channels of data, designated Lif1a, Lif1b, etc., through Sic2b. A more complete description of the instrument is given by Moos et al. (2000) .
The observations of CAL 83 were taken during 11 consecutive FUSE orbits, with earth-occultation interruptions. The star was located in the large aperture, and the alignment of the FUSE channels should have been stable over the whole observation. The visibility times were generally of order 4000 ksec. The whole observing program covered about 0.6P of the binary orbit. The basic observational details are given in Table 3 .
The data were extracted and processed with CALFUSE, current in April 2002. Because the source is faint, the airglow spectrum constitutes a major contaminant and effectively obliterates a significant part of the FUSE spectral range.
The only stellar line feature seen in the FUSE spectrum is O VI emission at 1031.9Å.
The second line of the O VI doublet, 1038Å, is overlaid by airglow lines with peak emission some ten times that of the O VI line. The 1032Å line is weak, so in order to measure the continuum and O VI with more reliability we have binned the observations into 5 spectra, using consecutive pairs except for the last 3 observations which were summed to form -11 -a single spectrum. Figure 7 shows the binned spectra in the region of the 1032Å O VI emission line, together with some nearby absorption features. These spectra combined the LiF channels only, as the SiC channels were very noisy.
The continuum flux was measured in the airglow-free wavelength region 1045-1080Å, in both the LiF1a and LiF2b channels. Similar changes were seen in both, but the LiF2b showed a much greater range, consistent with a poorly-determined zero level in the extraction. As the LiF1a channel is that used for guiding, we have adoped continuum values from this channel only. (The profiles shown in Figure 7 include the LiF2b to maximize the signal, but the O VI profile is not affected by zero point uncertainties.) The continuum flux values, given in Table 3 , have a mean value of ∼ 1.2 × 10 −14 erg s −1 cm −2Å−1 and are almost flat across the FUSE bandpass. Since the changes in the continuum are similar for the LiF1a and LiF2b channels, we consider them to be real and note that they have a range and phasing similar to the MACHO data. Figure 6 shows the FUSE continuum changes compared with the mean optical light curve.
The O VI line was measured for flux and radial velocity, and these values are also given in Table 3 . We estimate the uncertainty in measurement of the line flux is no larger than The O VI line was measured in several ways, first by profile fitting of line and then by using the centroid of the flux above the local continuum. In addition, the velocities were measured by cross-correlation against the mean CAL 83 spectrum. There is close agreement (in all cases <15 km s −1 ) between the profile fitting technique and the cross-correlation velocities. The adopted values given in Table 3 are the mean of the two methods. We Finally, the wavelength scale itself was checked by measuring the airglow emissions near 1038Å. These airglow lines were found to have the same wavelength for all binned spectra, to within ±0.01Å, but their average position is too high by 15 km s −1 . This wavelength scale error is typical of large aperture observations, but may partly reflect the average FUSE orbital motion through the visibility windows to the target. We have applied a correction of +15 km s −1 to the O VI velocity measures.
We note that the mean O VI velocity of +434 km s −1 is much more positive than the systemic velocity of +257 km s −1 given here from He II, 4686Å emission. It is possible that the shortward edge of the line has P Cygni-like absorption (see Figure 7) , which may account for some of the velocity offset. However, the velocity difference is more than 0.5Å, so this explanation would imply a much broader and stronger intrinsic emission profile and a large absorption in a disk wind. As noted above, the longterm changes in the emission wings of He II were reported by Crampton et al. (1987 ; also see discussion in Cowley et -13 -al. 1998 ). It is possible that the offset seen in the velocities from the FUSE data may be partially due to the long wavelength extension of the line profile, which can be seen in Figure 7 .
Fitting the O VI FUSE velocities to a sinewave results in a semiamplitude K = 23±6 km s −1 with maximum velocity occuring at photometric phase Φ = 0.23 ± 0.03. Thus, the phasing of the O VI emission appears to differ from He II, whose maximum velocity is at Φ = 0.88 with a semiamplitude of K = 27 km s −1 (see Table 2 ). If further observations in the far ultraviolet confirm this difference, then the O VI emission may arise in a different location from the He II.
Summary
To summarize, we have used MACHO photometry to refine the orbital period of the LMC supersoft X-ray source CAL 83. With our new ephemeris, we have been able to compare previously published spectroscopic and photometric data using consistent phases.
In a high optical state, its color becomes bluer and the amplitude of the orbital variations increases. New FUSE observations show that orbital variations in brightness in the far ultraviolet are similar to those in the optical region. However, the velocity of the O VI emission in the FUSE spectra indicates its behavior may differ from the optical He II line.
We acknowledge help from the CTIO staff when our photometric observations were made. Orbital period P = 1.047568±0.000003 days (fixed)
Orbital eccentricity e = 0 (assumed) -19 - b Spectra were added in pairs, except for the last three which were combined.
c at ∼1060Å versus orbital phase is plotted using the same symbols. Note that the system is bluer in the second segment data, although there is no apparent color trend with orbital phase. wavelengths at the end of the plot is due to airglow emission.
